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Abstract 

Mg-Li,  Mg-Li-Al  and  Mg-Li-Al-Ce  alloys  were  prepared  and  their  electrochemical  behavior  in  0.7  M  NaCl  solutions  was  investigated 
by  means  of  potentiodynamic  polarization,  potentio static  current-time  and  electrochemical  impedance  spectroscopy  measurements  as  well 
as  by  scanning  electron  microscopy  examination.  The  effect  of  gallium  oxide  as  an  electrolyte  additive  on  the  potentiostatic  discharge  per¬ 
formance  of  these  magnesium  alloys  was  studied.  The  discharge  activities  and  utilization  efficiencies  of  these  alloys  increase  in  the  order: 
Mg-Li  <  Mg-Li-Al  <  Mg-Li-Al-Ce,  both  in  the  absence  and  presence  of  Ga203.  These  alloys  are  more  active  than  commercial  magnesium  alloy 
AZ31.  The  addition  of  Ga203  into  NaCl  electrolyte  solution  improved  the  discharging  currents  of  the  alloys  by  more  than  4%,  and  enhanced  the 
utilization  efficiencies  of  the  alloys  by  more  than  6%.  It  also  shortened  the  transition  time  for  the  discharge  current  to  reach  to  a  steady  value. 
Electrochemical  impedance  spectroscopy  measurements  showed  that  the  polarization  resistance  of  the  alloys  decreases  in  the  following  order: 
Mg-Li  >  Mg-Li-Al  >  Mg-Li-Al-Ce.  Mg-Li-Al-Ce  exhibited  the  best  performance  in  term  of  activity,  utilization  efficiency  and  activation  time. 
©  2007  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Metal-hydrogen  peroxide  semi  fuel  cells  have  been  studied 
as  power  sources  for  unmanned  underwater  vehicles  (UUV) 
because  of  their  high  specific  energy,  stable  discharging  ability, 
short  mechanically  recharge  time,  long  dry  storage  life,  ability 
to  work  at  ambient  pressure,  environment  acceptability,  relia¬ 
bility,  safety  and  low  cost  [1-8].  Aluminum  and  magnesium 
are  attractive  anode  materials  for  this  type  of  semi  fuel  cell 
because  aluminum  and  magnesium  have  high  Faradic  capac¬ 
ity  (Al:  2.98  Ah  g-1,  Mg:  2.2  Ahg-1),  high  specific  energy  (Al: 
8. 1  kW  h  g-1 ,  Mg:  6.8  kW  h  kg-1),  more  negative  standard  elec¬ 
troreduction  potentials  versus  standard  hydrogen  electrode  (Al: 
—2.31  V  in  alkaline  solution,  Mg:  —2.37  V  in  neutral  solution) 
[9].  An  AI-H2O2  semi  fuel  cell  stack,  composed  of  six  serially 
connected  cells  with  circulating  7  M  KOH  as  electrolyte,  devel¬ 
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oped  by  Has  void  et  al.,  has  an  energy  content  of  up  to  50  kWh 
per  refill  of  electrolyte  and  an  energy  density  of  lOOWhkg-1 
based  on  total  system  weight  (472  kg).  This  power  system  gives 
an  UUV  of  1400  kg  dry  weight  an  endurance  of  typically  60  h 
at  4  knots  at  a  maximum  operation  depth  of  3000  m  [2,10]. 
Mg-H2C>2  semi  fuel  cells  investigated  by  Medeiros  et  al.  use 
magnesium  alloy  AZ61  as  anode,  carbon  fiber  supported  Pd-Ir 
as  cathode  catalyst,  H2O2  +  H2SO4  as  cathode  active  compo¬ 
nents,  seawater  as  electrolyte,  and  Nafion-1 15  as  membrane.  The 
cell  has  a  theoretical  voltage  of  4. 14  V.  The  practical  cell  voltage 
is  above  1.7  V  at  25  mA  cm-2  with  magnesium  and  hydrogen 
peroxide  efficiencies  ranging  from  77  to  86%,  and  specific  ener¬ 
gies  ranging  from  500  to  520Whkg-1  based  on  the  weights 
consumed  during  discharge  of  the  magnesium  anode,  hydrogen 
peroxide  and  acid  [1,11,12]. 

Thermodynamically  aluminum  and  magnesium  anodes 
should  exhibit  very  negative  potentials.  However,  in  practical, 
these  electrodes  operate  at  significantly  less  negative  potentials 
because  (a)  aluminum  and  magnesium  are  normally  covered 
by  passive  oxide  films  which  cause  a  delay  in  reaching  a 
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steady- state  and  reduce  discharging  rate;  (b)  aluminum  and 
magnesium  undergo  parasitic  corrosion  reactions,  or  self¬ 
discharge,  resulting  in  the  reduction  of  Columbic  efficiency 
(less  than  100%  utilization  of  the  metal)  and  the  evolution  of 
hydrogen.  There  are  in  general  two  ways  to  improve  the  anode 
performance.  One  is  to  dope  the  aluminum  or  magnesium 
with  other  elements  (known  as  “activation”).  The  second  is  to 
modify  the  electrolyte  by  including  additives.  Both  methods 
can  inhabit  the  formation  and/or  accelerate  the  elimination  of 
oxide  layers  and  suppress  corrosive  dissolution  [13]. 

The  enhancement  of  aluminum  anode  performance  by  adding 
alloying  elements  to  pure  aluminum  or  by  adding  additives  to 
electrolytes  has  been  widely  studied.  For  example,  the  incor¬ 
poration  of  small  concentrations  of  metals  such  as  magnesium, 
calcium,  zinc,  gallium,  indium,  thallium,  and  lead,  usually  in 
combinations  as  ternary  or  quaternary  alloys,  has  been  found 
to  be  effective  in  improving  discharging  current  and  inhibition 
of  corrosion  [14,15].  Oxides  of  gallium,  indium,  calcium  and 
zinc  as  well  as  stannates  and  citrates  were  found  to  be  effec¬ 
tive  electrolyte  additives  for  inhibiting  corrosion  and/or  boosting 
the  electrode  potential  [16-19].  However,  the  improvement  of 
magnesium  anode  performance  by  the  addition  of  alloying 
elements  to  pure  magnesium  and  the  use  of  additives  in  elec¬ 
trolytes  has  not  been  well  investigated  [20,21].  Udhayan  et  al. 
reported  that  magnesium  alloy  AP65  (Al:  6-7%,  Pb:  4.5-5%, 
Zn:  0.14-1.5%,  Mn:  0.15-1.3%)  has  a  hydrogen  evolution  rate 
of  0.15  mL  min-1  cm-2  and  a  utilization  efficiency  of  84.6%. 
The  open  circuit  potential  of  this  alloy  is  —1.803  V(vs.  SCE) 
measured  in  seawater  [20].  Sivashanmugam  et  al.  investigated 
Mg-Li  alloy  with  13wt.%  Li  for  possible  use  in  magnesium 
primary  reserve  batteries  [22] .  They  found  that  this  Mg-Li  alloy 
exhibits  higher  anodic  efficiencies  (81%)  even  when  the  current 
density  is  increased  to  8.6  mA  cm-2.  The  Mg-Li/MgC^/CuO 
cells  offer  higher  operating  voltage  and  capacity  than  those 
with  the  conventionally  used  Mg-Al  alloy.  Comparing  to  the 
aluminium-H202  semi  fuel  cell  with  strong  alkaline  (NaOH  or 
KOH)  as  electrolytes,  magnesium-H202  semi  fuel  cell  uses  sea¬ 
water  as  electrolytes  and  it  has  higher  theoretical  voltage,  which 
make  it  more  attractive  as  undersea  power  sources. 

In  this  study,  binary  Mg-Li,  ternary  Mg-Li-Al  and  qua¬ 
ternary  Mg-Li-Al-Ce  alloys  were  prepared.  Their  discharge 
performance  in  NaCl  solution  (the  electrolyte  for  Mg-H202 
semi  fuel  cell  and  magnesium  seawater  battery)  was  studied. 
The  effect  of  the  addition  of  gallium  oxide  to  NaCl  solution 
on  the  activation  and  self-discharge  of  these  magnesium  alloy 
anodes  was  examined. 

2.  Experimental 

2.7.  Preparation  of  magnesium  alloys 

Mg-Li,  Mg-Li-Al  and  Mg-Li-Al-Ce  alloys  were  pre¬ 
pared  from  ingots  of  pure  magnesium  (99.99%),  pure  lithium 
(99.99%),  pure  aluminum  (99.99%)  and  Mg-Ce  alloy  contain¬ 
ing  26.6  wt.%  Ce  using  a  vacuum  induction  melting  furnace. 
The  induction  furnace  containing  a  refractory  lined  crucible  sur¬ 
rounded  by  an  induction  coil  is  located  inside  a  vacuum  chamber. 


Table  1 


Nominal  composition  of  the  alloys  (wt.%) 


Alloys 

Mg 

Li 

Al 

Ce 

Mg-Li 

92 

8 

- 

- 

Mg-Li-Al 

89 

8 

3 

- 

Mg-Li-Al-Ce 

88 

8 

3 

1 

The  induction  furnace  is  connected  to  an  AC  power  source  at 
a  frequency  precisely  matched  to  the  furnace  size  and  mate¬ 
rial  being  melted.  Magnesium  and  the  alloying  components 
were  charged  into  the  induction  furnace  under  the  protection 
of  ultrahigh  purity  argon,  the  furnace  was  then  evacuated  to 
1.0  x  10_2Pa,  and  charged  with  ultrahigh  purity  argon.  AC 
power  was  applied  to  melt  the  charge  under  flowing  argon 
atmosphere.  A  preheated  tundish-casting  mold  assembly  was 
inserted  through  a  valve,  and  the  refractory  tundish  was  posi¬ 
tioned  in  front  of  the  induction  furnace.  The  molten  metals  were 
poured  through  the  tundish  into  the  awaiting  stainless  steel  mold 
(06  cm  x  18  cm).  The  mold  containing  hot  melts  was  cooled 
down  to  ambient  temperature  under  argon  atmosphere  in  the 
furnace  within  2  h.  The  prepared  alloys  were  used  in  the  cast 
state.  The  compositions  of  the  alloys  are  given  in  Table  1. 

The  alloy  ingots  were  machined  to  20  mm  x  20  mm  x  2  mm 
to  serve  as  the  working  electrode  for  electrochemical  measure¬ 
ments.  Prior  to  each  experiment,  the  alloy  surface  facing  to 
the  electrolyte  was  mechanically  polished  with  SiC  abrasive 
paper  down  to  700  grit,  degreased  with  acetone,  washed  with 
deoxygenated  ultrapure  water  (Milli-Q),  and  then  immediately 
assembled  into  the  electrochemical  cell. 

2.2.  Electrochemical  measurements 

A  three-electrode  electrochemical  cell  was  made  of  Pyrex 
glass  and  Teflon  (Fig.  1).  The  cell  was  fitted  with  a  blackened 
platinum  gauze  auxiliary  electrode  and  a  saturated  calomel  ref¬ 
erence  electrode  (SCE)  with  the  Luggin  capillary  positioned 


1  2  3  4  5  6  7  8 


Fig.  1.  The  descriptive  diagram  of  the  three-electrode  electrochemical  cell  with 
defined  exposure  area  for  working  electrode.  (1)  Teflon  end  block;  (2)  cylindric 
glass  cell  body;  (3)  inert  gas  outlet;  (4)  inert  gas  inlet;  (5)  counter  electrode;  (6) 
reference  electrode  and  Luggin  capillary;  (7)  working  electrode  (alloy  slice);  (8) 
screw  for  fastening  working  electrode. 
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closing  to  the  alloy  surface.  The  exposure  area  of  the  metal 
alloy  electrode  is  0.95  cm2,  which  was  used  to  calculate  the 
current  density.  Electrochemical  experiments  were  carried  out 
at  room  temperature  in  0.7  M  NaCl  aqueous  solutions  (purged 
with  Ar  before  transferred  into  the  cell),  chosen  in  order 
to  mimic  seawater.  All  solutions  were  made  with  analytical 
grade  chemical  reagents  and  Millipore  Milli-Q  water  (resistivity 
>18  MQ  cm).  The  measurements  of  potentiodynamic  polariza¬ 
tion  curves  (5  mV  s-1,  —2.2  to  —0.8  V  vs.  SCE),  potentiostatic 
current-time  curves  (— 1.0  V  vs.  SCE),  and  electrochemical 
impedance  spectra  (1  to  200,000  Hz,  open  circuit  potential) 
were  performed  using  an  eight  channel  VMP3/Z  potentiostat 
(Princeton  Applied  Research)  controlled  by  EC-lab  software. 
The  morphology  of  the  alloy  surface  was  examined  using  scan¬ 
ning  electron  microscopy  (SEM;  JEOL  JSM-6480)  equipped 
with  energy  dispersive  spectroscopy  (EDS  unit).  Images  were 
acquired  using  a  20  kV  accelerating  voltage. 

In  order  to  measure  the  utilization  efficiency  of  the  metal 
alloys,  the  weighted  alloy  coupons  were  discharged  at  — 1.0  V 
for  60  min  while  recording  the  current-time  curves.  The  reaction 
products  remaining  attached  on  the  alloy  surfaces  after  dis¬ 
charge  were  removed  using  a  scratch  blade  and  high  speed  water 
spray.  The  cleaned  remaining  alloy  coupons  were  then  dried 
and  weighed.  The  alloy  utilization  efficiency  (rf)  was  calculated 
using  Eq.  (1). 


iQ/nF)M a 
Wi  -  Wf 


x  100% 


(1) 


where  Q  is  the  charge  in  Coulomb  obtained  by  the  integration  of 
current-time  curve,  F  is  Faraday  constant  (96485  C  mol-1),  W\ 
and  Wf  are  the  weight  of  alloy  sample  in  gram  before  and  after 
discharge,  respectively,  n  is  the  average  number  of  electron  per 
discharge  reaction  assuming  the  oxidation  states  of  the  products 
are  2+  for  Mg,  1+  for  Li,  3+  for  Al  and  Ce.  Ma  is  the  average 
atomic  mass  (g  mol-1)  of  the  sample,  n  and  Ma  were  calculated 
by  Eqs.  (2)  and  (3),  respectively. 

n  =  ^2xiZi  (2) 


M&  —  ^  ^  %i  Mi 


(3) 


where  xi  is  the  mole  fraction,  zi  is  the  oxidation  state,  and  Mi  is 
the  atomic  mass  of  component  i. 


3.  Results  and  discussions 


3.1.  Potentiodynamic  polarization 

Fig.  2  shows  the  potentiodynamic  polarization  curves  of 
Mg-Li,  Mg-Li-Al  and  Mg-Li-Al-Ce  measured  in  0.7  M  NaCl 
solution  (1st  sweep  in  the  positive-going  direction).  The  curves 
were  taken  after  the  electrodes  were  cathodically  polarized  at 
—2.2  V  vs.  SCE  for  2  min.  The  curves  of  pure  Mg  and  commer¬ 
cial  magnesium-aluminum  alloy  AZ31  (Al:  3.5%,  Zn:  1.2%) 
were  also  measured  and  included  in  the  figure  for  comparison. 
The  curve  of  pure  Mg  is  in  good  agreement  with  that  reported  in 
literatures  [23,24].  The  corrosion  potential  of  Mg-Li  (—1.67  V) 


E/(V  vs  SCE) 

Fig.  2.  Potentiodynamic  polarization  curves  for  Mg-Li,  Mg-Li-Al, 
Mg-Li-Al-Ce,  Mg  and  AZ31  measured  in  0.7  M  NaCl  solution  at  a  scan  rate 
of  5  mV  s-1. 

is  slightly  more  negative  than  that  of  pure  Mg  (— 1.63  V),  and 
the  anodic  current  of  Mg-Li  near  the  corrosion  potential  region 
is  higher  than  that  of  pure  Mg,  implying  that  Mg-Li  is  less 
corrosion  resistant  than  pure  Mg,  which  might  be  attributed  to 
the  high  activity  of  Li.  The  corrosion  potential  of  Mg-Li-Al  is 
—  1 .47  V,  which  is  200  mV  more  positive  than  that  of  Mg-Li, 
and  is  close  to  that  of  AZ31  (— 1.45  V),  indicating  that  the 
presence  of  Al  as  an  alloying  element  obviously  enhanced  the 
corrosion  inhibition  ability  of  Mg-Li  alloy.  The  corrosion  poten¬ 
tial  of  Mg-Li-Al-Ce  is  —  1 .53  V,  around  100  mV  more  negative 
than  that  of  Mg-Li-Al,  demonstrating  that  the  addition  of  Ce 
decreased  the  corrosion  resistivity  of  Mg-Li-Al.  For  all  the  sam¬ 
ples,  there  are  passive  regions  in  their  anodic  polarization  curves 
corresponding  to  the  formation  of  anodic  film.  The  anodic  films 
act  as  physical  shields  between  metal  and  medium  to  prohibit  the 
alloys  from  self-discharge.  The  anodic  curve  of  Mg-Li-Al-Ce 
differs  from  other  alloys  with  lager  overpotential  for  reaching 
its  passivation  region,  an  indication  of  a  different  self-discharge 
behavior. 

3.2.  Potentiostatic  measurements 

The  current-time  curves  measured  at  —1.0  V  in  0.7  M  NaCl 
are  shown  in  Fig.  3.  The  potential  was  chosen  to  be  in  the  passive 
region  for  all  the  samples.  The  current-time  profiles  are  simi¬ 
lar  for  all  the  samples,  i.e.  the  anodic  current  increased  rapidly 
in  the  early  discharging  stage  and  then  reached  to  an  approx¬ 
imate  constant  value.  Among  all  the  samples,  Mg-Li-Al-Ce 
displays  the  highest  anodic  current  density  of  44  mA  cm-2, 
around  3  mA  cm-2  higher  than  pure  Mg,  Mg-Li  and  Mg-Li-Al, 
10  mA  cm-2  higher  than  commercial  AZ3 1 .  Looking  closely  at 
the  initial  discharge  period,  it  can  be  seen  that  it  took  shorter 
time  for  current  to  reach  to  the  steady  value  for  Mg-Li-Al-Ce 
than  for  other  samples,  which  means  that  Mg-Li-Al-Ce  gives 
shorter  activation  time  and  thereby  shorter  voltage  transience  on 
switching  between  loads.  This  property  is  important  for  serv¬ 
ing  as  anode  in  fuel  cells  or  batteries  needing  a  short  period  of 
high  discharge.  The  potentiostatic  current-time  measurements 
lead  to  the  conclusion  that  quaternary  Mg-Li-Al-Ce  is  more 
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Fig.  3.  Current-time  curves  for  Mg-Li,  Mg-Li-Al,  Mg-Li-Al-Ce,  Mg  and 
AZ3 1  recorded  in  0.7  M  NaCl  solution  at  a  constant  potential  of  —  1 .0  V. 


active  than  ternary  Mg-Li-Al  and  binary  Mg-Li  alloy,  and 
Mg-Li-based  alloys  show  better  discharge  performance  than 
commercial  magnesium-aluminum  alloy  AZ3 1  under  the  same 
experimental  condition.  The  discharging  current  densities  of  our 
prepared  Mg-Li  based  alloys  are  higher  than  aluminum  alloys 
under  the  similar  experimental  condition.  For  example,  the  cur¬ 
rent  density  of  Al-In  and  Al-In-Ga  polarized  at  —1.05  V  vs. 
SCE  for  20  min  in  0.6  M  NaCl  are  around  32  mA  cm-2  and 
7.5  mAcm-2,  respectively  [25].  It  should  be  noted  that  the  dis¬ 


charge  currents  for  all  the  three  Mg-Li  based  alloys  display  no 
sign  of  decrease  within  20  min  test  period. 

Fig.  4a-c  shows  the  SEM  micrographs  of  AZ31  (a),  Mg-Li 
(b),  Mg-Li-Al  (c)  and  Mg-Li-Al-Ce  (d),  taken  after  discharge 
at  — 1.0  V  for  20  min  in  0.7  M  NaCl.  Fig.  4a  indicated  that 
the  oxidation  products  of  AZ3 1  formed  thick  and  large  micro¬ 
blocks  on  the  surface.  Fig.  4b  and  d  demonstrated  that  the 
discharge  products  remaining  attached  on  Mg-Li,  Mg-Li-Al 
and  Mg-Li-Al-Ce  surface  present  as  loosely  packed  aggregates 
of  particles.  Obviously,  the  discharge  products  of  the  four  alloys 
existed  in  different  forms  on  the  surfaces.  The  loosely  packed 
oxidation  products  of  three  Mg-Li  alloys  allowed  the  electrolyte 
to  penetrate  through,  besides,  they  peeled  off  more  easily.  As  a 
result,  Mg-Li  based  alloy  retain  large  reaction  surface  during 
discharge,  which  in  turn  enabled  the  high  discharging  currents. 

The  complex  impedance  technique  was  used  as  a  basis 
for  a  comparative  study  to  show  the  discharge  behavior  of 
the  alloys.  The  electrochemical  impedance  spectroscopies  of 
Mg-Li,  Mg-Li-Al  and  Mg-Li-Al-Ce,  as  well  as  pure  Mg  and 
commercial  AZ31  were  recorded  at  open  circuit  potential  in 
0.7  M  NaCl  solution.  The  measurements  were  performed  imme¬ 
diately  after  the  samples  were  discharged  at  —1.0  V  for  20  min 
in  order  to  obtain  steady  state  conditions.  The  Nyquist  plots  are 
shown  in  Fig.  5.  A  single  capacitive  semicircle  was  observed 
for  all  the  samples  tested.  The  diameter,  representing  the  polar¬ 
ization  resistance  Rv,  for  Mg-Li-Al-Ce  (ca.  4  Q  cm2)  and  for 
Mg-Li-Al  (ca.7  £2  cm2)  is  smaller  than  that  for  Mg-Li  (ca. 


Fig.  4.  SEM  micrographs  of  (a)  AZ31,  (b)  Mg-Li,  (c)  Mg-Li-Al  and  (d)  M-Li-Al-Ce  obtained  after  potentiostatic  discharge  at  —1.0  V  for  20  min  in  0.7  M  NaCl 
solution. 
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Fig.  5.  Impedance  spectra  for  Mg-Li,  Mg-Li-Al,  Mg-Li-Al-Ce,  Mg  and  AZ3 1 
recorded  at  open  circuit  potential  in  0.7  M  NaCl  after  discharge  at  —  1 .0  Y  for 
20  min  in  0.7MNaCl. 

13.5  Q  cm2).  Mg-Li  and  pure  Mg  displayed  a  similar  polariza¬ 
tion  resistance.  All  the  Mg-Li  based  alloys  show  much  smaller 
polarization  resistance  than  AZ31  (ca.  30  £2  cm2).  The  alloys 
can  be  arranged  according  to  the  increase  in  the  polarization 
resistance,  as  determined  from  the  capacitive  loop,  in  the  order: 
AZ3 1  >  Mg  ~  Mg-Li  >  Mg-Li-Al  >  Mg-Li- Al-Ce.  This  indi¬ 
cates  that  Mg-Li- Al-Ce  alloy  presents  the  most  active  behavior 
compared  with  other  alloys,  which  is  in  agreement  with  the 
above-mentioned  results  of  current-time  measurements.  Song 
et  al.  reported  that  the  EIS  of  magnesium  anodic  polarized  at 
90  mV  higher  than  corrosion  potential  in  1  M  NaCl  displayed 
two  loops,  an  inductive  loop  in  the  middle  frequency  range,  and 
a  capacitive  loop  in  the  low  frequency  region.  The  inductive 
loop  was  attributed  to  the  broken  area  of  the  protective  surface 
film  [24].  The  inductive  loop  was  not  observed,  however,  in 
this  study.  This  is  probably  because  the  high  anodic  polariza¬ 
tion  potential  applied  during  discharge  (630  mV  more  positive 
than  corrosion  potential)  results  in  the  absence  of  surface  film. 
The  same  arguments  might  be  applicable  to  other  magnesium 
alloys  tested.  The  EIS  spectrum  of  AZ3 1  is  in  good  agreement 
with  that  reported  by  Udhayan  and  Bhatt  [26]  recorded  in  2.0  M 
magnesium  perchlorate  solution. 

3.3.  Effects  of  electrolyte  additive  Ga2C>3  on  discharge 
performance 

Electrolyte  additives  can  effectively  enhance  the  discharge 
performance  of  metal  anodes.  For  example,  dithiobiuret,  stan- 
nate  and  quaternary  ammonium  salt  have  been  reported  to  be 
effective  additives  for  magnesium  anode.  The  anode  utiliza¬ 
tion  efficiency  of  AZ31  alloy  was  increased  by  13%  to  reach 
90%  by  using  a  combination  additive  of  quaternary  ammo¬ 
nium  salt  Aliquat  336  and  stannate  [21].  In  this  study,  gallium 
oxide  was  investigated  as  electrolyte  additive  for  Mg-Li  based 
alloy  anodes.  Fig.  6  shows  the  current-time  curves  recorded 
at  —1.0  V  in  0.7  M  NaCl  containing  0.05  mM  Ga2C>3.  In  com¬ 
parison  with  Fig.  3,  it  can  be  seen  that  the  presence  of  Ga2C>3 
in  NaCl  electrolyte  improved  the  discharge  current  densities  of 
all  the  samples.  Around  10%  increase  in  current  density  was 


Fig.  6.  Current-time  curves  measured  at  —  1.0  V  for  Mg-Li,  Mg-Li-Al, 
Mg-Li-Al-Ce,  Mg  and  AZ31  in  0.7  M  NaCl  containing  0.05  mM  Ga2C>3. 

observed  for  AZ31,  around  7%  for  Mg-Li  and  Mg-Li-Al,  and 
approximate  4%  for  Mg-Li-Al-Ce  and  pure  Mg.  Interestingly, 
the  presence  of  Ga2C>3  in  NaCl  electrolyte  also  shortened  the 
transition  time  for  potentio static  discharge  currents  of  Mg-Li, 
Mg-Li-Al  and  pure  Mg  reaching  to  constant  values. 

The  surface  morphologies  of  AZ3 1 ,  Mg-Li,  Mg-Li-Al  and 
Mg-Li-Al-Ce  after  discharge  at  —  1.0  V  for  20  min  in  Ga2C>3 
containing  NaCl  solution  were  examined  by  SEM.  The  images 
are  given  in  Fig.  7.  By  comparing  Fig.  7a-d  with  Fig.  4a-d, 
it  was  found  that  the  addition  of  Ga2C>3  to  the  electrolyte 
markedly  changed  the  morphology  of  the  oxidized  surfaces  of 
all  the  alloys  tested.  For  AZ31  the  size  and  thickness  of  the 
micro-clumps  of  oxidation  products  formed  during  discharge 
became  smaller.  For  Mg-Li  the  product  particles  became  finer 
and  loosely  packed.  For  Mg-Li-Al  and  Mg-Li-Al-Ce,  the 
products  packed  by  layers  perpendicular  to  the  surface.  This 
pattern  significantly  differs  from  that  in  the  absence  of  Ga2C>3. 
Some  needle  crystals  were  formed  on  the  Mg-Li-Al-Ce  sur¬ 
face.  These  observations  suggested  that  Ga2C>3  acted  as  an  active 
additive  to  loosen  the  product  film  and  promote  the  coming  off 
the  shedding  of  oxidation  products,  consequently  enhancing  the 
discharge  performance  of  all  the  magnesium  alloys. 

The  anode  utilization  efficiencies  of  Mg-Li,  Mg-Li-Al  and 
Mg-Li-Al-Ce,  as  well  as  pure  Mg  and  AZ31  were  measured 
using  a  weight  loss  method.  The  measurements  were  carried  out 
after  discharging  the  samples  at  — 1.0  V  for  60  min  in  0.7  M  NaCl 
solution  with  and  without  Ga2C>3.  The  utilization  efficiency  is 
defined  as  the  percentage  of  the  mass  loss  responsible  for  the 
generation  of  discharge  current  to  the  total  mass  loss  within 
the  discharge  period.  The  results  are  given  in  Table  2.  In  the 
absence  of  Ga2C>3,  the  utilization  efficiency  of  Mg-Li-Al-Ce  is 
around  82%,  higher  than  AZ3 1  (75%),  but  slightly  lower  than  the 
state-of-the-art  magnesium  alloy  anode,  AP65  (84.7 %)  [20] .  The 
utilization  efficiency  of  the  three  Mg-Li  based  alloys  increases 
in  the  order:  binary  <  ternary  <  quaternary.  Pure  magnesium  has 
the  lowest  utilization  efficiency.  These  results  indicated  that  the 
utilization  efficiency  of  magnesium  can  be  enhanced  signifi¬ 
cantly  by  alloying  with  Li,  Al  and  Ce.  As  it  is  well  known  that 
alloying,  on  one  hand,  reduces  crystal  grain  size,  resulting  in  an 
increase  of  hydrogen  evolution  overpotential  and  a  decrease  of 
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Fig.  7.  SEM  micrographs  of  (a)  AZ31,  (b)  Mg-Li,  (c)  Mg-Li-Al  and  (d)  Mg-Li-Al-Ce  obtained  after  potentiostatic  discharge  at  —1.0  V  for  20  min  in  0.7  M  NaCl 
containing  0.05  mM  Ga203. 


Table  2 

Utilization  efficiencies  of  alloys  in  the  absence  and  presence  of  gallium  oxide 

Utilization  efficiency  rj  (%) 


Mg-Li 

Mg-Li-Al 

Mg-Li-Al-Ce 

Mg 

AZ31 

0.7  M  NaCl 

68.8 

76.6 

81.8 

54.4 

75.2 

0.7  M  NaCl  +  0.05  mM  Ga203 

76.9 

84.4 

87.6 

62.1 

83.3 

self-discharge  rate,  on  the  other  hand,  prevents  the  formation  of 
passive  coatings  on  the  surface  or  destroys  the  dense  structure  of 
surface  films  to  facilitate  their  peeling  off  from  alloy  surfaces, 
either  way  leading  to  an  enhancement  of  discharge  performance. 

The  addition  of  0.05  mM  Ga2C>3  to  NaCl  solution  improved 
the  utilization  efficiencies  by  around  8%  for  Mg-Li,  Mg-Li-Al, 
Mg  and  AZ31,  and  6%  for  Mg-Li- Al-Ce.  The  utilization  effi¬ 
ciency  of  Mg-Li-Al-Ce  in  0.7  M  NaCl  containing  0.05  mM 
Ga2C>3  reached  to  as  high  as  87.6%.  Clearly,  Ga2C>3  is  an  effec¬ 
tive  electrolyte  additive  for  reducing  mass  loss  of  magnesium 
alloys  caused  by  corrosion  and  other  parasitic  reactions. 

4.  Conclusions 

Casting  ingots  of  Mg-Li,  Mg-Li-Al  and  Mg-Li-Al-Ce 
alloys  were  prepared  by  induction  smelting  the  pure  metals 
with  each  other  or  with  a  Mg-Ce  alloy  under  Ar  atmosphere 
followed  by  surface  grinding  and  cleaning.  Their  properties  as 
potential  anode  material  for  metal  semi  fuel  cell  and  seawater 


battery  were  investigated  and  compared  with  pure  magnesium 
and  commercial  magnesium  alloy  AZ31.  These  three  Mg-Li 
based  alloys  demonstrated  higher  potentiostatic  discharge  cur¬ 
rent  in  NaCl  solution  than  AZ31.  The  oxidation  products  of 
Mg-Li,  Mg-Li-Al  and  Mg-Li-Al-Ce  were  loosely  adhered  to 
the  alloys  surfaces,  which  is  partially  responsible  for  the  high 
discharge  activity.  Gallium  oxide  electrolyte  additive  enhanced 
that  discharge  currents  and  utilization  efficiencies  of  the  three 
alloys  prepared.  The  utilization  efficiency  of  the  quaternary 
Mg-Li-Al-Ce  reaches  to  as  high  as  around  82%  and  88%  in  the 
absence  and  presence  of  gallium  oxide  additive,  respectively. 
The  transition  time  for  discharge  current  to  reach  to  steady  state 
was  shortened  by  the  addition  of  gallium  oxide. 
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